AFRL-SR-AR-TR-06-0324 )
- + REPORT DOCUMENTATION PAGE

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing ir

data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other

this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-L

4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
14-06-2006 Final Performance Report 15-07-2002 - 14-03-2006
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Optoelectronic Devices Based on Novel Semiconductor Structures

5h. GRANT NUMBER
F49620-02-1-0352

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Yujie J. Ding

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER

Lehigh University
27 Memorial Drive West
Bethlehem, PA 18015

-

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)
Air Force Office of Scientific Research AFOSR/NE

Directorate of Physics and Electronics

875 North Randolph Street 11. SPONSOR/MONITOR’S REPORT

Suite 325 NUMBER(S)
Arlington, VA 22203-1768 E—,/ aeve W

12. DISTRIBUTION / AVAILABILITY STATEMENT
Use AFOSR-mandated availability statements. There is nelther additional
limitation/restriction nor special marking indicated.

%*ﬂbwbm YbAomeiy 4 wj'mr’voﬂ

13. SUPPLEMENTARY NOTES
None

14, ABSTRACT
During the funding period (July 15, 2002 — March 14, 2006, i.e. the total of 44 months including 36 months

plus 8 months for no-cost extension), we had made great progress on a series of the research projects in order to
achieve the objectives set for this grant, i.e. investigations of nanostructures and nanodevices based on novel
structures and efficient THz generation and detection based on novel schemes. In this report, we have highlighted
our accomplishments made on these projects. All the new results obtained under the support of this grant have made
significant contributions to the long-term mission of the U.S. Air Force.

15. SUBJECT TERMS
Terahertz devices, spectrometers, and systems; nanostructures and nanodevices

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES Yujie J. Ding
a. REPORT [ b ABSTRACT c. THIS PAGE SAR 84 19b. TELEPHONE NUMBER (include area
UNCLASSIFIED UNCLASSIFIED code)
(610) 758-4582

Standard Form 298 (Rev. 8-98)

20060727326 i

e e ]




Final Performance Report on
AFOSR Grant F49620-02-1-0352

Optoelectronic Devices Based on Novel Semiconductor Structures
Period of July 15, 2002 — March 14, 2006

Program Manager: Dr. Gernot S. Pomrenke

Principal Investigator: Dr. Yujie J. Ding

Professor of Electrical Engineering

Department of Electrical and Computer Engineering
Lehigh University
19 Memorial Drive West
Bethlehem, PA 18015
Phone: (610) 758-4582
Fax: (610) 758-6279

Email: yud2@lehigh.edu

June 14, 2006




Status of effort

During the funding period (July 15, 2002 — March 14, 2006, i.e. the total of 44 months
including 36 months plus 8 months for no-cost extension), we have made great progress on a
series of the research projects in order to achieve the objectives set for this grant, i.e.
investigations of nanostructures and nanodevices based on novel structures and efficient THz
generation and detection based on novel schemes. In the following, we have tabulated our
accomplishments made within such a period:

1. Efficient generation of widely-tunable THz waves based on difference-frequency
generation in GaSe
Design, growth, and characterization of quantum-well dots.
Phonon-assisted up-transfer of electrons in GaAs/AlAs superlattices
TEM study and band-filling effects in quantum-well dots
Improvements on tuning ranges and output powers for widely-tunable THz sources
based on difference-frequency generation in GaSe
Observation of THz generation in ZnGeP,
Measurement of absorption spectrum for air in THz
Design, fabrication, and characterization of photonic bandgap crystals in THz.
First observation of backward-propagating THz waves
10. Efficient generation of THz waves in a cubic crystal
11. Optimization, fabrication, and characterization of THz Bragg reflectors
12. Measurement of spectrum of two-photon absorption for ZnGeP,
13. Observation of stimulated emission in short-period quasi-indirect type-II GaAs/AlAs
superlattices
14. Evidence on coupling between InAs quantum dots and strained InGaAs/GaAs coupled
quantum wells.
15. First observation of parametric upconversion
16. Efficient generation of quasi-single-cycle THz pulses
17. Improvement of tuning range and output powers for the efficient generation of backward
THz waves
18. Observation of anomalously large band-filling effects in InAs/GaSb type-II superlattices
19. Introduction of a novel approach to UV emitters
20. Widely-tunable monochromatic THz waves using a 47-mm GaSe crystal.
21. Dramatically improved detection limit for upconversion detection system
22. Investigated carrier dynamics for dot-in-well structure using novel pump-probe PL
technique
23. Observed peculiar behavior on PL vs. pump intensity for InAs/GaSb type-II
superlattices (evidenced laser-induced cooling of superlattices).

All the new results obtained under the support of this grant have made significant
contributions to the long-term mission of the U.S. Air Force. THz waves can be used to identify
toxic chemicals and to obtain images of objects, and to study DNA’s. Being able to achieve the
efficient THz output in a cubic crystal is very important for the implementation of a THz
spectrometer which covers a wide range. This is due to the fact for a cubic crystal rotation is no
longer required. Our results on the optimization of the Bragg reflectors make us one step closer
to the possible utilization of these unique structures in cavity mirrors and filter arrays for
chemical sensors as well as to enhance the sensitivity for chemical-sensor arrays. Therefore, the
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miniaturization of our THz sources, detectors, and spectrometers would be feasible. Using the
world-record-long GaSe crystal the output wavelengths have already been extended to the
microwave and millimeter region. Furthermore, the tuning range, peak output powers, and
conversion efficiency achieved by us so far represent the widest and highest values using the
tabletop pump lasers commercially available.

Our theory on the efficient generation of quasi-single-cycle THz pulses will play a very
important role in scaling up the peak powers for the THz pulses (see our reports on the new .
AFOSR grant). Our observation of the backward THz waves can be a gateway to the backward
parametric oscillation which has several advantages compared with the forward counterpart.
After improving the tuning range and peak powers of the backward THz waves, we have shown
that a few configurations for the backward THz parametric oscillation can be implemented. Our
measurement of the spectrum of two-photon absorption is essential to our understanding of the
fundamental limit to the output powers of the THz sources by using a ZnGeP; crystal.

Our observation of the parametric upconversion can lead to the development of a very
efficient THz detector working at room temperature.

Quantum-well dots are demonstrated to have greatly-improved optical properties, and
therefore, they can be modified as efficient THz emitters and detectors as well as other device
functions. Our observation of stimulated emission represents an early demonstration on how to
manipulate type-II nanostructures for more efficient amplification of light. Based on our study on
the coupling between the quantum dots (0 D) and coupled quantum wells (2 D) we have gained
much deeper understanding of the strains created between the 0 D and 2 D nanostructures. Our
results on the InAs/GaSb type-II superlattices have re-defined the linear response range for mid-
IR detectors and output powers for the mid-IR emitters.

Our initial results on the UV generation can be used as a guide for optimizing the
multilayer structure producing the efficient UV light which has important applications in the
detections of bioagents and lighting.




Accomplishments/New Findings

In the separate sections below, we highlight our accomplishments made on these projects
(#1-20):

1. An efficient, tunable, and coherent 0.18-5.27 THz source based on GaSe crystal

THz waves, in the frequency range of 0.1-10 THz with the corresponding wavelength
range of 30-3000 pm, fill the gap between the microwave and infrared bands. During the past
decade, THz pulses, generated by subpicosecond laser pulses based on photoconduction and
optical rectification with a broad bandwidth, have found many applications, such as THz
imaging, THz spectroscopy for studies of carrier dynamics and intermolecular dynamics in
liquids, and dielectric responses of molecules, polymers and semiconductors [1-7].

On the other hand, a tunable and coherent THz source is one of the key elements for
applications such as chemical identification, biomedical diagnostics, and THz spectroscopy [7,8].
For example, THz-probing technology exhibits a unique potential for the label-free detection of
DNA binding state [8]. Furthermore, it has most recently been demonstrated that CW THz waves
can be used to detect cancer. To realize these important applications and therefore to create a
new era for THz science and technology, compact, efficient and coherent THz source is
essential. However, so far there has been no hope for such a source that has wide tunability in the
wavelength range of 30—3000 um except for the costly free-electron lasers (FEL) [7]. 1deally,
new-generation THz sources should be compact, broadly tunable, simply aligned, and stable in
terms of output. CW THz radiation generated by utilizing optical-heterodyne (photo) mixing
technique faces an unbreakable barrier of a low output power (~ pW) [9,10]. Another technique
is based on nonlinear difference-frequency mixing in nonlinear optical (NLO) crystals [11]. For
example, 4-dimethylamino-N-methyl-4-stilbazolium-tosylate (DAST) was recently used to
generate coherent THz waves tunable from 120 to 160 pm, however with the highest output
energy of only 52 fJ/pulse (average power of 52 pW) through difference-frequency generation
(DFG) [12]. A THz optical parametric oscillator (OPO) was recently investigated by using
LiNbO; [13]. However, large absorption coefficients of LiNbO; and DAST in the THz domain
result in the low efficiencies and limited tunability [12,13]. Coherent THz emission based on
intersubband transitions has not yet been implemented [14-16].

In our recent study on coherent THz radiation, among the many NLO crystals such as
LiNbOs, LiTa0;, ZnGeP,, GaSe, DAST, CdSe, GaP, and GaAs, we have shown that GaSe has
the lowest absorption coefficients in the THz wavelength region [17-19]. Such a low absorption
coefficient is extremely important for the coherent THz generation since the overall conversion
efficiency is limited by the effective absorption length. Furthermore, this material has very large
birefringence. Consequently, phase matching can be achieved in an ultrabroad wavelength range.
Even though GaSe has potential to reach THz OPO with a single pump beam [18], DFG offers
relative compactness, simplicity for tuning, straightforward alignment, much lower pump
intensities, and stable THz output. Indeed, unlike OPO, DFG does not require a complicated
alignment procedure even if the wavelength tuning is rec;uired. The high second-order NLO
coefficient (dz2; = 54 pm/V) and large figure of merit deffz/n for GaSe make it the most superior
material for the efficient THz generation. Combined with the absorption coefficient in the THz,
we can actually define a new figure of merit: deffz/n3 . It turns out that its value for GaSe is a
factor of about 9x10* larger than that for bulk LiNbOj3 at about 200 pm [17-19].
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Fig. 1. Experimental setup for THz radiation based on DFG in a GaSe crystal. M;-M;, Mirrors; A;-A,, attenuators;
I;-I,, irises; WP-WP,, A/2 Wave Plates; GP,-GP,, Glan Polarizers; BS,, 50/50 Beamsplitter, L;-L,, convex lenses
with f =10 and 20 cm, respectively; PM,-PM,, parabolic mirrors; F|-F,, Germanium and black polyethylene filters,
respectively. Etalon is made from two parallel germanium plates mounted on two mirror mounts on two separate
translation stages.

An experimental setup is shown in Fig. 1. As a DFG pump source we have used a Nd:YAG
laser (duration of 10 ns, pulse energy of up to 6 ml, repetition rate of 10 Hz). As a second
(tunable source) we have used an output of a BBO (3-BaB,0s)-based OPO pumped by the third
harmonic of the same laser with the following parameters: duration of 5 ns, pulse energy of up to
3 m], and repetition rate of 10Hz. The peak intensity for the Nd:YAG pump beam is about 17
MW/cm?, which is below the optical damage threshold 30 MW/cm?® in GaSe at similar pulse
durations [17]. This pump intensity was ~ 30 times lower than that used for achieving the THz
OPO in LiNbO; [13]. The THz wave generated from the GaSe crystal was collimated and then
focused into a Si bolometer by two off-axis parabolic metal mirrors. We first used a 15-mm-long
z-cut GaSe crystal, with a 35 x 20 mm elliptical aperture, and no antireflection coatings. For
type-oee phase-matching (PM) interaction (o0 and e indicate the polarization of the beams inside
the GaSe crystal), the effective NLO coefficients for GaSe depend on the PM (6) and azimuthal
(@) angles as d.y = d» cos’8 cos3¢ [17]. To optimize d,p; azimuthal angles of @ = 0°, + 60°, +
120°, and + 180° can be chosen such that | cos 3 ¢| =1, which were confirmed in our experiment.

Fig. 2 shows the external PM angular tuning curves for the type-oee collinear DFG THz
radiation. We have observed the phase-matching peaks by varying three parameters: 6 ¢, and
pump wavelength A (dots in Fig. 2). Tunable and coherent THz output radiation in the
extremely-wide range of 56.8—1618 pum (0.18-5.27 THz) have been achieved, see inset of Fig. 2.
The short-wavelength cutoff for the THz output is due to the presence of the narrow lattice
absorption band for GaSe, which peaks at 40 pm [20]. On the other hand, the long-wavelength
end is limited by the measurable THz signal since it decreases as the output wavelength increases
[21]. Obviously, the signal-to-noise ratio for the bolometer determines the cut-off on this side.
Fig. 3 shows the dependences of the THz wavelength on the OPO idler wavelength. Based on
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Fig. 2. Output wavelength vs. external PM angle. Inset: output frequency vs. external PM angle. Open circles and
solid curves correspond to experimental and calculated results using refractive-index dispersion relations for GaSe
in Ref. [22], respectively.

Fig. 2 and 3 we conclude that the theoretical (based on Ref. [22]) and experimental PM curves
are in an excellent agreement over the entire range of the output wavelengths. The wavelength of
the monochromatic THz wave was easily verified by using a scanning etalon made of two Ge
wafers (a finesse of about 4) in Fig. 1. The inset in Fig. 3 shows an example for measuring one
THz wavelength (668 um) by using the scanning Ge etalon. Each of the measured THz
wavelengths was consistent with that determined from the wavelengths of two incident pump
beams used for the DFG.
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experimental and calculated results using refractive-index dispersion relations for GaSe in Ref. [22], respectively.
Inset: measurement of THz wavelength (668 um) by scanning Ge etalon. Open circles correspond to experimental
results and solid curve is B-Splined result from data.
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Fig. 4. Peak output power vs. output wavelength for three pure GaSe crystals with thickness (along z axis) of 4 mm
(triangles), 7 mm (open circles) and 15 mm (squares), respectively.

The above THz radiation had the pulse duration of 5 ns and a repetition rate of 10 Hz. The
measured THz peak output powers for the 15-mm-thick GaSe crystal at different THz output
wavelengths are shown in Fig. 4 (squares). We have also plotted the measured THz peak output
powers vs. the output wavelength for two other GaSe crystals with the length (along z axis) of 4
mm (triangles) and 7 mm (circles) in Fig. 4. One can see that the three GaSe crystals have
different THz tuning ranges: 56.8-810 um for 4 mm; 56.8-944 pm for 7 mm; 56.8-1618 um for
15 mm. They also have different maximum THz peak output powers with different
corresponding peak wavelengths: 4 mm, 10.5 W at 106 um; 7 mm, 17.0 W at 146 pm; 15 mm,
69.4 W at 196 pm. Three maximum THz peak output powers correspond to the conversion
efficiencies of 1.77x10%, 4.5x10™ and 1.8x10™, with the corresponding photon conversion
efficiencies of 0.18%, 0.62%, and 3.3%, respectively. Obviously the highest THz peak output
powers are determined by the effective absorption lengths of the GaSe crystal in the THz
domain, which are larger than 15 mm. Considering the collinear PM DFG, the power conversion
efficiency can be calculated by using Ref. [21]
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where T; = 4ny/(n;j+1 )? is the Fresnel transmission coefficient for each facet, the subscripts j = 1,
2, 3 correspond to the THz wave and two pump waves, respectively, Aa = ]a2 +a, ““1[ ,and w

is the beam size for the pump. Typically, w is measured to be about 1 mm. The theoretical
conversion efficiencies, corresponding to the above three maximum output powers, are
calculated to be 3.1x107°, 9.6x107° and 4.4x10™, respectively.

To make the THz source much more compact, intracavity DFG can be employed: an
antireflection-coated GaSe crystal can be placed inside a cavity for an OPO based on a BBO.
The entire system can be directly pumped by a Nd:YAG laser. By using such a configuration, the
size of the system can be reduced to one third of the entire system employed in our experiment.
A synchronously-pumped THz OPO can also be implemented based on a GaSe crystal.




All these future studies may make huge impact on the U.S. Air Force. In particular, a
system based on a coherent and compact THz source can be used for the identification of
chemicals and DNA’s with greatly-improved sensitivities. In the future it is conceivable for us to
implement a THz imaging system that may partially see through the sand storms.

The results summarized here were published in Opt. Lett. (2002) and Optics in 2002.
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2. Quantum-well dots formed by a single InGaAs/GaAs quantum well
strained by an array of InAs quantum dots

Semiconductor quantum dots (QD’s) are expected to dramatically improve the performance
of optoelectronic devices. So far, two methods are mainly used for fabricating QD structures.
One method utilizes the complicated lithography, etching, and then regrowth processes [1]. Due
to the limitation imposed by the current lithographic techniques, the QD’s fabricated by this
method usually have a larger size and lower density than the desirable values. Furthermore, the
QD’s are easy to be contaminated during the etching process and they may contain many defects.
Another method takes advantage of a phase transition from a deposited layer of a few
monolayers thick on a buffer layer to 2-D islands due to lattice mismatch between the two layers.
For example, InAs QD’s can be easily formed on the top of a GaAs buffer layer [2]. Such a type
of the QD’s can be incorporated into many optoelectronic devices with greatly-imrpoved
performances. For example, a laser diode based on the QD’s exhibits a much lower threshold [3].
This simple method has an obvious advantage of reaching a small size and high density.
However, as a result of self-assembling process the size of the QD’s usually fluctuates within
1+10% [4]. Recently, strain-induced quantum-well (QW) nanostructures, i.e. quantum-well dots
(QWD’s), have attracted more and more attention since such structures can be defect-free [5-12].




So far, most of QWD’s are observed in the InGaAs and InGaP QW’s strained by the InP QD’s
[7-12]. In addition, these InP QD’s are not capped for the most of the work in the past. Since the
QW thickness can be controlled within a subatomic layer, the size fluctuation of the strain-
induced QWD’s is expected to be substantially reduced. Moreover, the interface and surface
recombination rates can be significantly reduced. Furthermore, since the QWD’s are formed
inside the QW layer, the capture rate for photogenerated carriers can also be improved. However,
all these predicted improvements have not been systematically confirmed.

In this report, we demonstrate that the measurements of photoluminescence (PL) spectrum
can be an effective technique to investigate the QWD’s with Ing26Gag 74As/GaAs as a single QW
and InAs QD’s as stressors, capped by a GaAs layer. In particular, we have compared our results
with those for the InAs QD’s without the QW layer. Our direct comparison shows the PL peak of
the InAs:Ing26Gag74As/GaAs QWD’s has narrower linewidths and higher intensities than the
self-assembled InAs QD’s. Furthermore, the spatial inhomogeneities of dot size reflected by the
PL peak energies and linewidths are also significantly reduced for the Ing»¢Gap74As/GaAs
QWD’s. It is important for us to note that the differences between our results and those obtained
previously lie in the presence of a GaAs cap layer, InAs islands, and a sharp PL peak.

Cap GaAs 200 A
InAs Dots | £\ 4\ £\ £\ £\ 4 25 ML
Barrier GaAs 50 A
Well |no.szao,74AS 75 A
Buffer GaAs 3000 — 5000 A
GaAs (100)

Fig. 1. Structure of quantum-well dots.

The QWD shown in Fig. 1 is grown on a GaAs (100) substrate in a Riber 32 MBE system
at the temperature of 500°C and growth rates of 0.23, 0.28 and 0.1 ML/s for GaAs, InGaAs, and
InAs layers, respectively. It consists of a 300 nm-thick GaAs buffer layer, 26 ML-thick
Ing26Gag 74As well, 18 ML-thick GaAs barrier, 2.5 ML-thick InAs, and a 20 nm-thick GaAs cap
layer. Due to the large lattice mismatch (7%) between InAs and GaAs, the 2.5 ML-thick InAs
layer actually breaks into the self-assembled QD’s with an average diameter and height of ~10
nm and ~5 nm, respectively, from a typical TEM picture. Similar to the InGaAs and InGaP
QWD’s strained by the InP QD’s studied in Refs. [7-12], each InAs QD applies a 2-D potential
to the QW layer within the lateral plane beneath it. Therefore, the strain-induced QWD’s are
formed where the electrons and holes carriers are quantum-confined due to the 2-D potential in
additional to the 1-D QW potential. In order to compare the experimental results between the
QWD’s and the self-assembled QD’s, two additional samples are grown, one of which only has
the self-assembled InAs QD’s and the second one just has an Ing26Gag74As/GaAs QW. For the
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results presented here, we have grown two sets of the QWD and QD samples labeled as Sample
Sets #1 and #2.
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Fig. 2. PL spectra for Sample Set #1: (a) QD’s and (b) QWD’s; Sample Set #2: (c) QD’s and (d) QWD’s, from
location to location, within the lateral plane, measured at 4.3 K with a pump intensity of 435 W/cm?,

A Ti:Sapphire laser with the typical wavelength of 800 nm is used as a pump source in all
the PL. measurements. Fig. 2(a)-(d) show the PL spectra of the QWD’s and the self-assembled
QD’s for Sample Sets #1 and #2 measured at different lateral positions. The focal area for the
laser beam where the PL measurements are made is about 0.5 cm? for each sample. One can see
from Fig. 2 that the two sets of the samples have produced completely different PL spectra.
Specifically, for Sample Set #2 [Fig. 2(c)] we have observed three PL peaks. The peak energies
of the three peaks and the separations among them are similar with those in Ref. [13]. This
indicates that the average dot size (more precisely volume) of the self-assembled InAs dots for
Sample Set #2 is about the same as that in Ref. [13]. However, for Sample Set #1 [Fig. 2(a)] we
have only observed a single PL peak. What is more, the peak energy is higher than the ground
transition energy for Sample Set # 2. We believe this is because the InAs dots in Sample Set #1
have a smaller average size than those in Sample Set #2. As a result, the self-assembled InAs
dots in Sample Set #1 only have one ground electron state in the conduction band. It is worth




noting that in all the QWD samples we have studied there is a 20-nm GaAs layer to cap the self-
assembled InAs dots in our QWD samples. Therefore, the self-assembled QD’s and the QWD’s
are actually coupled with each other due to the thin barrier layer between them. The PL peaks
observed by us correspond to the recombination between the electrons and holes in these coupled
structures. Such a configuration is quite different from that studied in all the previous work.

Table 1. Comparison of PL characteristics between self-assembled QD’s and QWD’s. PL peak energy, linewidth,
and integrated intensity correspond to average values over a laser-focal area of 0.5 cm? measured at 4.3 K with
pump intensity of 435 W/cm®.

Sample QD’s #1 QWD’s #1 QD’s #2 QWD’s #2
Average PL peak energy 1.261 eV 1.249 eV 1.265 eV 1.255 eV
Emax-Emin) (3 meV) (1.3 meV) (25 meV) (11 meV)
Peak energy fluctuation

0,0024 0.0010 0.0198 0.0088
(Emax'Emin)/ (Emax+Emin)
Average linewidth 78 meV 49 meV 141 meV 106 meV
Average integrated PL intensity 28890 38189 7324 13514
PL intensity fluctuation
(UL (i) 0.44 0.31 0.39 0.36

Based on the comparisons of the PL spectra shown in Fig. 2, one can see that the optical
properties of the QWD samples are obviously improved. In Table 1 we have listed the average
PL peak energy, peak linewidth, integrated PL intensity, and fluctuations of the peak energy and
PL intensity for each sample within the laser focal area. One can see that the average PL peak
linewidth for the QWD’s is narrower than that for the InAs QD’s by 29 meV and 35 meV for
Sample Sets #1 and #2, respectively. Fig. 3 summarizes the dependences of the PL peak
linewidths on the pump intensity for the QWD’s and InAs QD’s of Sample Set # 1 measured at a
randomly-chosen lateral position. One can see from Fig. 3 that the linewidth difference between
the InAs QD’s and QWD’s is almost a constant within the entire range of the pump intensities.
These results represent significant differences between the two structures, indeed. We believe
that the linewidth broadenings for the both structures are inhomogeneous in nature and caused by
the size fluctuations.

Another important parameter is the spatial uniformity of the QWD’s within the lateral
plane. By comparing the spectra in Fig. 2, we can see that the peak energies for the QWD’s more
or less stay the same while those for the QD’s shift quite a lot. As a matter of fact, the shift of the
PL peak energy from one position to the next within the lateral plane in the self-assembled InAs
QD samples can be as high as 3 meV and 25 meV for Sample Sets #1 and #2, respectively. On
the other hand, in the QWD’s, the corresponding fluctuations are both significantly reduced by
56% (i.e. 1.3 meV and 11 meV, respectively). These results indicate that the QWD’s are much
more uniform than the self-assembled QD’s within the lateral plane. Typically, the size for the
self-assembled QDs fluctuates within £10% [4]. In fact, since the height for each QD is much
smaller than the diameter (about a factor of 2 in our samples), the PL peak energy and linewidth
are strongly dependent on the spatial distribution of the height within the lateral plane. However,
in the QWD’s the well width can be controlled within a subatomic layer. Therefore, the carriers
staying within the QWD’s are primarily affected by the lateral sizes (diameters) of the QWD’s.
This explains the reason why the QWD’s are much more uniform than the QD’s. However, as




one can see from Table 1 the amount of the PL-intensity fluctuation from one location to the next
is slightly improved for the QWD samples. If we assume that the PL intensities are primarily
determined by the densities of the QWD’s and QD’s, we conclude that every single InAs QD
must have produced the corresponding QWD. In this case, the slight improvement in the PL-
intensity fluctuation could be explained by the fact that in the QD samples there is also a non-
uniform distribution of the nonradiative recombination rate.
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Fig. 3. PL peak linewidth as a function of pump intensity for InAs QD’s and Ing,Gag74As/GaAs QWD’s measured at
43 K.
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Besides the issues of the linewidth broadenings and spatial homogeneity, we have also
investigated the dependences of the wavelength-integrated PL intensities on the pump intensity
for the self-assembled QD’s and strain-induced QWD’s. From Table 1 one can see that the PL
intensity of the QWD’s is actually enhanced relative to the InAs QD’s. For example, the average
integrated PL intensity measured in the QWD’s of Sample Set #2 at 435 W/cm® is 1.85 times
higher than that for the InAs QD’s. This PL enhancement on the QWD’s can be partially
attributed to the fact that the QW is more efficient to capture the photogenerated carriers than the




QD’s [14,15]. In fact, in the QWD structure the carriers captured by the Ing,6Gag74As/GaAs QW
readily diffuse into the QWD regions to enhance the PL intensity from the QWD’s. As a result,
the PL from the QW region in the QWD structure is reduced as shown in Fig. 4. In addition, the
interface and surface recombination is also reduced in the QWD structure. These two factors are
the main mechanisms for the enhanced PL emission from the QWD regions.

We have made a very important step in eventually utilizing these novel nanostructures for
variety of applications that are important to the U.S. Air Force. THz domain has been neglected
in the past. It turns that this spectrum region has very rich applications. However, the only THz
detectors available now are the bolometers operating at cryogenic temperatures. A structure
modification from the quantum-well dots can be used for detecting and emitting THz waves at
room temperature. Therefore, we can eventually implement compact THz systems for variety of
applications.

The results reported here were published in Laser Phys. Lett. (2005).
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3. Observation of strong phonon-assisted resonant intervalley up-transfer for electrons
in type-II GaAs/AlAs superlattices

Semiconductor superlattices (SL’s) usually have high luminescence efficiencies [1,2].
However, for short-period GaAs/AlAs SL’s with the thickness of the alternating layers less than
~12 monolayers (ML’s), the X-states of AlAs mix with the ['-states of GaAs. As a result, the
lowest electronic state in the conduction band becomes a quasi-X state (type-II SL’s). In this
case, the type-II SL’s have effective indirect-gaps [3-9]. In all the previous experiments on the
type-1l GaAs/AlAs SL’s, a typical photoluminescence (PL) spectrum is dominated by a strong
quasi-indirect transition peak with an extremely-weak quasi-direct emission peak appearing as a
shoulder in the spectrum [1,3-9]. Recently, it was demonstrated that the PL intensity for the
quasi-direct peak could be slightly increased (less than a factor of 2) by raising the temperature
of the type-II (GaAs)10/(AlAs)io SL’s to 180 K [6]. Such a slight increase in the PL intensity was
attributed to the fact that the electrons started to thermally populate the quasi-I'-states from the
quasi-X states as the temperature increased [6]. Obviously, such a mechanism dominates only
when the lowest quasi-I” state is close to the lowest quasi-X state by the thermal energy, kzT.
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In this section, we summarize our results that the quasi-direct emission intensity in short-
period type-1I GaAs/AlAs SL’s can be dramatically enhanced by raising the SL temperature or
pump power even if the energy difference between the lowest quasi-I" state and quasi-X state is
much larger than the thermal energy. Furthermore, we have found that the enhanced quasi-direct
PL intensity exhibits a quadratic dependence on the pump intensity for the type-II SL’s. We
argue that our experimental results cannot simply be explained by the mechanism of thermal
transfer proposed in Ref. [6]. Instead, we propose a new mechanism of phonon-assisted resonant
up-transfer of electrons from the quasi-X state to the quasi-I state. Based on this mechanism, we
have derived the quasi-direct emission rate and compared it with our experimental results.

Table 1. Short-period GaAs/AlAs SLs used in this experiment. All the energies are measured at 4.3 K at pump
intensity of 87.0 W/cm?. The decay time is measured by 9 ns-laser pulses at pump energy of 3.4 pJ and temperature
of 43 K.

No. | Thickness (ML) | Er (eV) | Ex (¢V) | AErx(meV) hop hop, 7(ns)
GaAs/AlAs (m eV) (m eV)
1 17.9/19.3 1.671 - - - - -
2 12/12 1.801 1.757 44 28 48 500
3 10.5/11.3 1.832 1.767 65 27 48 800
4 10.7/11 1.850 1.776 74 27 48 800
5 8/7 1.975 1.854 121 30 49 1300

Each of the five samples of the short-period GaAs/AlAs SL’s studied here (see Table 1)
consists of 40 periods of GaAs and AlAs layers grown by molecular-beam epitaxy at 580 °C on a
(100) semi-insulating GaAs substrate. The growth rate is 1 ML/s for both GaAs and AlAs layers.
The layer thicknesses for samples #1, #3 and #4 and samples #2 and #5 were measured by X-ray
diffraction and reflection high-energy electron diffraction, respectively. During the PL
measurements, each sample is mounted inside a cryostat and pumped by a 532-nm laser beam.
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Fig. 1. PL spectra of samples #1 and #4 at the pump intensity of 87.0 W/cm?. The PL intensity for sample #4 is
relative to that for sample #1.
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Fig. 2. PL spectra of Sample 4 at the pump intensity of 8.7 kW/cm? for different temperatures.

Our measurements show that sample #1 corresponds to type-I SL’s whereas samples #2-5
belong to type-II SL’s. Fig. 1 shows typical PL spectra for Samples 1 and 4, measured at a low
pump intensity (87.0 W/cm?) and 4.3 K. Similar to the previous results [3-9], our type-II SL’s
consist of four peaks corresponding to quasi-direct (quasi-I'), quasi-indirect (quasi-X) transitions,
and phonon replicas (P,,P;), respectively. Among the phonon replicas P; is accompanied by
emission of longitudinal optical (LO) phonons in GaAs layers whereas P; is by LO phonons in
AlAs layers [3,7,9]. From the PL spectra the quasi-direct and quasi-indirect transition energies as
well as the LO phonon energies for GaAs and AlAs are directly determined, see Table 1. In order
to confirm our assignment on the emission peaks, we have also measured the decay times of the
quasi-indirect peaks on samples #2-5, see Table 1.
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Fig. 3. Wavelength-integrated PL intensities for the quasi-direct transition as a function of the SL temperature
measured for samples #1-5 at the pump intensity of 8.7 kW/cm?. The results have been normalized by the PL
intensity for sample #1 at 300 K.

Usually, due to the dissociation of excitons and/or the different effective masses for the
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electrons and holes, the PL intensity decreases as the SL temperature increases. Such a behavior
was indeed observed on Sample 1, as shown in Fig. 2. However, for samples #2-4, the quasi-
direct PL intensity was unusually increased by raising the SL temperature to 150 K-200 K.
Although the thermal transfer of the electrons from the quasi-X states to the quasi-I" states was
previously introduced for explaining the enhancement of the quasi-direct PL intensity at high
temperatures [6], such a mechanism cannot obviously be used to explain the dramatic increase of
the PL intensity observed in our experiment. As one can see from Table 1, since the energy
difference between the quasi-I" and quasi-X states is much larger than the thermal energy, k3T,
the effect of the thermal transfer of electrons is negligible.
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Fig. 4. Wavelength-integrated PL intensity vs. the energy difference between the quasi-I" and quasi-X states at 4.3
K. Dashed line is to guide eyes.

According to the energy differences between quasi-I" and quasi-X states in samples #2-4,
we believe the intervalley up-transfer for the electrons must be assisted by LO phonons. Due to
the momentum conservation, the photogenerated electrons relax to the bottom of the quasi-I'
subband and then to the quasi-X subband, accompanied by phonon emission. Since the phonon
scattering process in the time scale of 5~20 ps is much faster than the radiative recombination
(typically 300~800 ps) for the quasi-I" subband [10], most of the quasi-I" electrons are quickly
scattered to the quasi-X subband. Therefore, the excitation process creates a large number of LO
phonons in the type-1I SL’s with the density proportional to the pump intensity. In this case, each
quasi-X electron has high probability to absorb a single LO phonon and jump back to the quasi-I"
subband. Such an up-transfer process requires a minimum kinetic energy for each electron [11]:

E, (T)= AE(T)~ho,, )

where AEx(T) is the energy difference between the quasi-I" and quasi-X subbands and
ha, is the phonon energy. Obviously, at 4.3 K since all the electrons have almost zero kinetic

energy, this phonon-assisted process can occur only if the phonon energy is higher than AEy.
According to the measurements shown in Table 1, sample #2 is the only one which can satisfy
this condition, i.e., AEry (44 meV) is lower than the LO phonon energy for AlAs (48 meV).
Indeed, we have plotted the integrated quasi-direct PL intensity vs. AEry at 4.3 K in Fig. 4. One
can see that the quasi-direct PL intensity is much higher for Sample 2 than for sample #3-5 (by a
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factor of 56). These results confirm the resonance nature for the phonon-assisted up-transfer of
the electrons. At higher SL temperatures, due to the increase of the electron kinetic energies, the
electron up-transfer assisted by the GaAs phonons (28 meV) becomes possible in sample #2,
which can further enhance the quasi-direct PL intensity. Furthermore, the phonon-assisted up-
transfer also takes place in samples #3-5. However, since the values of AEx(T) in samples #3-5

are closer to %, than hw,,, the up-transfer is assisted by the AlAs LO phonons rather than the

GaAs phonons. By increasing the SL temperature, more electrons at the quasi-X states can gain a
sufficiently large kinetic energy to jump to the quasi-I" states by absorbing one LO phonon.
Moreover, as the SL temperature increases our experimental results show that AEx(7) decreases
for all the samples, which means that Ejy(7) also decreases. Therefore, when the temperature
increases the rate of the up-transfer also increases due to the two combined factors mentioned
above.

In order to determine the temperature dependence of AE y, we assume that the valence
band-offset in the SL’s is independent of the temperature. In addition, the I’-bandgaps of bulk
GaAs and AlAs have similar temperature dependences [12]. Therefore, as the temperature
changes the I'-subband will not change much compared with the I'-band of bulk GaAs (or AlAs).
On the other hand, since the electron at the quasi-X state has a large effective mass (e.g., 1.987
my for GaAs and 0.813 myq for AlAs, even heavier than the heavy holes in the two materials)
[10], the energy difference between the X-subband and the X-band of AlAs should nearly be a
small constant. Therefore, we can approximate the temperature dependences of I'- and X-
subbands by that of the I'-band of GaAs and X-band of AlAs. Under these approximations,
AErx(T) can be written as:

AT? 4T

- — s (2)
T+B T+B,
where AE., (0) is the energy difference between I'- and X-subbands at 7= 0 K, and 4;, B; and
Aj, B, are constants for I'-band of GaAs and X-band of AlAs, respectively [12].
Since the phonon-assisted up-transfer corresponds to the transition of the electron from a quasi-X
state to a quasi-I" state, we assume that the following steady-state equation holds between the
two states by the absorption of one LO phonon per transition [10]: (Due to the Boltzmann
distribution, the probability for the absorption of multiple LO phonons per transition is
negligible).

AE (T) = AEy (0)—(

-1
AN. AN, _ J;{HCXP[(E “EKGTIAE expl-(3/2)h0, | K,T]
+ = BN, N, , — » (3)
Ts  Tx [+expl(E-E,)/ K,TI'AE S expl—hao, (n-+1/2)/ K,T]

n=0
where AN -is the additional electron density at the quasi-I" state due to the up-transfer; 75 and
are the scattering time constant and radiative recombination lifetime for the electrons at the
quasi-T state, respectively; B is a constant for the phonon absorption; Ny is the electron density at
the quasi-X state; Np is the phonon density; and Ej, is the quasi-Fermi level for the electrons.
Following Eq. (3), the radiative recombination rate can then be written to be

Nt gy [ Q+explE-E,)/ K, THE  exp[—(3/2)hw, /K,T] "
= xiVp s .
T TstT [+ expl(E~E,) KT 'AE Y exp[-haor, (n+1/2)/ K, T]

n=0
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Using Eq. (4), we have plotted the normalized recombination rate as a function of the
temperature in Fig. 5, for sample #2 based on the AlAs and GaAs LO phonon-assisted up-
transfers, respectively, and samples #3-5 based on the AlAs LO phonon-assisted up-transfer. In
our calculations, we choose Ej, for the X conduction band to be 200 meV,!% 4,=0.55 meV/K, B;
=225 K, 4> = 0.70 meV, and B; = 530 K [12]. The other parameters are listed in Table 1. By
comparing Fig. 5 with Fig. 3, we can see that the Eq. (4) qualitatively describes the temperature
behaviors observed on samples #2-4 except near the room temperature. This is due to the fact
that the phonon absorption in these three samples approaches saturation at the high temperature
range. In this case, the PL intensity usually decreases as the temperature increases similar to
sample #1 shown in Fig. 3. For sample #5, Fig. 5 shows that the calculated PL intensity can be
slightly increased near room temperature. However, it is not possible to observe such a slight
increase in the experiment since it is compensated by the overall decrease of the PL intensity
similar to sample #1. Nevertheless, from the quadratic PL intensity dependence of this sample at
high temperatures, see below, the phonon absorption still happens in this sample.
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Fig. 5. Theoretical phonon-assisted quasi-direct emission rate as a function of the SL temperature for the four type-
II GaAs/AlAs samples used in this experiment.
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One can readily see from Eq. (4) that the phonon-assisted radiative recombination rate is
quadratically dependent on the pump intensity. This is due to the fact that the process of the
phonon absorption depends on both the phonon and X-electron densities. Indeed, our
experimental results show that the integrated quasi-direct PL intensities for sample #2-5 fit a
square power law very well when the sample temperature is above the temperature listed in Fig.
6 for each sample. On the other hand, for Sample 1 in the entire temperature range and samples
#3-5 below 60 K, the dependences are always linear due to the absence of the phonon-assisted
up-transfers.

Our results indicate that type-II GaAs/AlAs superlattices can be used to efficiently remove
LO phonons, i.e. when the light is absorbed by the structure the luminescence can occur. The
energy of each photon from the luminescence can be higher than that for the incoming light.
Through such a process one can remove LO phonons. This is very important since the scattering
of carriers by the LO phonons is the most efficient process in semiconductors. One can
immediately think about the possibility of cooling semiconductors based on our results. Such a
method of cooling is attractive for the detectors deployed in space since it does not involve in
any mechanical movement and power supply. We have optimized our initial structure by
incorporating a layer of GaAs for the enhancing the absorption of the incoming light. We have
also designed a Sb-based structure consisting of the layers of AllnGaAs, AlGaAsSb, AllnAs, and
AlInGaAs for working at the near-IR region. We will report our results in our future progress
report.

The results presented here were published in IEEE J. Quantum Electron. (2005).
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4. TEM picture and band-filling effects in quantum-well dots

Recently, we demonstrated that a single InGaAs/GaAs quantum well strained by InAs
quantum dots (i.e. quantum-well dots) exhibits significantly-improved optical properties, see the
report on project #2 above. Indeed, we have used measurements of photoluminescence (PL)
spectra as an effective technique to characterize these structures. On the two quantum dots
(QD’s) and quantum-well dots (QWD’s), see Table 1 in the report on project #2 above, we have
found that the quantum-well dots have much narrower PL linewidths at all levels of the pump
intensities. Indeed, the linewidth for the quantum-well dots can be narrower than that for the
quantum dots by an amount as large as 35 meV. In addition, the wavelength-integrated PL
intensity for the quantum-well dots is much higher. Within the lateral plane, the energies for
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optical transitions stay more or less the same for the quantum-well dots whereas for the quantum
dots they shift quite a lot from one location to the next.

Cap GaAs 200 A
InAs Dots 25ML
Barrier GaAs 50 A
Well lno,szao_uAS 75 A
Buffer GaAs 3000 - 5000 A
GaAs (100)

Fig. 1. Left: Cross-section TEM picture of quantum-well dots designed by us and grown by MBE. Right: Designed

structure of quantum-well dots.

In order to confirm the structure of the quantum-well dots designed by us and grown by

MBE, we have taken a TEM picture of the sample in the cross section, see Fig. 1 (left). In
reference to the grown structure based on our design [Fig. 1 (right)], we have seen the layer of
the InGaAs well and two GaAs barriers, as marked. In addition, we have confirmed the existence
of the InAs dots on the top of the GaAs barrier layer, as marked.
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Fig. 2. PL spectra for QD’s (left) and QWD’s (right) at different pump intensities measured on Sample Set #2 at 4.3
K. See also the report on project #2 above.

As we increase the pump intensity, the QWD’s exhibit much more pronounced band-filling
effect in Sample Set #2 as shown in Fig. 2. One can see that the relative strength for the lowest
transition decreases as the pump power increases. As the pump power increases further, the peak
next to the lowest transition starts to become saturated. Eventually, the QW transition peak
dominates the PL spectrum. In fact, at the pump power of 150 mw (the pump intensity of 6.5
kW/cm?), the strength for the QW emission peak is more or less the same as that of the peak near
1.25 eV. However, for the self-assembled QD sample the band-filling effect is much weaker.




This result further supports our conclusion that the QWD’s are much more uniform than the self-
assembled QD’s. On the other hand, for Sample Set #1 as the pump power increases the relative
strength for the QW emission in the QWD sample also increases. Eventually at the sufficiently-
high pump power, the QW emission dominates the PL spectrum. Similar effects were observed
in an InGaAs/GaAs QW strained by InP dots [1], although in our case the PL spectra are
eventually dominated by the QW emission peaks.

These results were included in Laser Phys. Lett. (2005).

1. M. Sopanen, H. Lipsanen, and J. Ahopelto, Appl. Phys. Lett. 66, 2364 (1995).

5. A monochromatic and high-power THz source tunable

in the ranges of 2.7-38.4 pm and 58.2-3540 pm for variety of potential applications

A tunable monochromatic THz source is the key to biomedical diagnostics, THz
spectroscopy, and chemical identification [1,2]. Such a source can be used to directly probe a
DNA binding state [2] and to detect skin cancer. Furthermore, it can be used to study gaseous
molecules and biological macromolecules [3]. Other applications such as label-free genetic
diagnostics [1] and detection of explosives such as HMX also require a THz source to be tuned
in a large range. In all these examples a wide tuning range has an advantage of directly probing
characteristic resonances in the THz domain. Besides broad tunability a THz source should have
advantages of narrow linewidth, simple alignment, stable THz output, and compactness.

Parabolic
Mirror

Nd:YAG laser
1.064 pm

Parabolic [
Mirror

Bolometer

Fig. 1. Schematic setup for THz radiation based on DFG in a GaSe crystal. BS,, 50/50 Beamsplitter. GaSe crystal
was mounted on a rotational stage in order for us to optimize the two angles. Etalon is made from two paralle! Ge
plates mounted on two mirror mounts on two separate translation stages.

Besides free-electron lasers, high-power THz waves were generated based on synchrotron
radiation of relativistically-accelerated cyclotron electrons [4]. Another attractive approach is
based on interminiband transitions of a semiconductor heterostructure [5a]. Indeed, at 90 K the
output peak power can reach 2.6 mW at 87 um (3.5 THz) [5b]. However, tuning in a broad range
remains to be greatly challenging for such a scheme. Optical-heterodyne mixing can only
produce low output powers [6]. Other promising mechanisms proposed recently [7] have not
been implemented yet. Among all the schemes, parametric processes such as DFG in nonlinear
optical (NLO) crystals such as LiNbO; and DAST are quite promising [8,9]. However, large
absorption coefficients of LiNbO; and DAST in the THz domain result in low efficiencies and
limited tunability [9,10]. Among all the NLO crystals GaSe is the most superior for the THz
generation. First, it has the lowest absorption coefficients () in the THz wavelength region [11-
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13]. Consequently, GaSe has the largest figure of merit for the THz generation (deﬁrz/n3 ¢?), which
is several orders of magnitude larger than that for bulk LiNbO; at 300 um [11-13]. Furthermore,
since GaSe has anomalously large birefringence PM can be achieved in an ultrabroad wavelength
range. Even though GaSe has potential to reach mirrorless parametric oscillation by just using a
single pump beam [12], DFG offers the advantages of relative compactness, simplicity for
tuning, straightforward alignment, much lower pump intensities, and stable THz output powers
and wavelengths. Indeed, unlike the parametric oscillation, DFG does not require a complicated
alignment procedure even if wavelength tuning is required. Recently, we implemented a THz
source tunable in the range of 56.8—1618 um (0.18-5.27 THz) based on DFG in GaSe [14]. The
peak output power reaches 69.3 W at 196 um, which corresponds to the power conversion
efficiency of 0.018%. In our experiment, we have obtained a linewidth of 0.77 um (6000 MHz).
In principle, this linewidth can be reduced further by using the pump beams with much narrower
linewidths.

In this section, we report our most updated result that GaSe can be used to produce much
wider tuning ranges and higher peak powers. Our experimental setup is shown in Fig. 1. The
peak intensity for the Nd:YAG pump beam focused onto the GaSe crystal is about 17 MW/cm?,
which much lower than that used for achieving the parametric oscillation in LiNbO; [10]. The
second pump beam is an idler output beam from an optical-parametric oscillator with the energy
per pulse 3-5 mJ. To improve the tuning ranges and peak powers, we used a single GaSe crystal
with the length of 20 mm along the optic axis, which is much longer than the previous GaSe
crystals. In addition, this new crystal has much better optical and surface quality. Therefore, the
linear absorption coefficients in the near-IR region are lower. Furthermore, the damage threshold
is higher. For type oe-e and type eo-o collinear PM interaction (o and e indicate the polarization
of the beams inside the GaSe crystal), the effective NLO coefficients for GaSe depend on the PM
(6) and azimuthal (@) angles as dy = d>; cos’0 cos3¢ and dey = - day cos8 sin3 g, respectively
[11]. To optimize d,g, azimuthal angles were chosen such that |cos 3¢j=1 and |sin3¢|=1.
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data; solid curves - calculation by using phase-matched conditions and refractive index dispersions [15]. (b) Fabry-
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Fig. 2a shows the external PM angular tuning curves for the type-oee and type-eoo
collinear DFG THz radiation. The pump and output wavelengths were verified by an infrared
spectrometer and a home-made scanning THz etalon, see Fig. 2b. One can see that the output
wavelengths are consistent with those calculated from DFG. For the type-oee PM interaction,
monochromatic THz output radiation tunable in the extremely-wide range of 58.2-3540 pm
(0.0848 THz — 5.15 THz) has been achieved. This is the widest tuning range ever achieved
besides the free-electron lasers. The short-wavelength cutoff for the THz output is due to the
presence of a narrow lattice absorption band for GaSe, which peaks at 40 um [16]. On the other
hand, the long-wavelength end is limited by the measurable THz signal since it decreases as the
output wavelength increases [17]. Obviously, the signal-to-noise ratio for the bolometer
determines the cut-off on this side. By using the type-eoo configuration on the same crystal, the
coherent radiation from 2.7 pm to 38.4 um (111 — 7.81 THz) has also been achieved (Fig. 2a).
This tuning range already covers high-frequency end of the THz regime defined in the range of
0.1 THz — 10 THz. It represents significant improvement over the tuning range of 2.7-28.7 um
achieved previously [18]. One can see that the obtained output wavelengths almost cover the
entire range of the THz band defined as 0.1 THz — 10 THz except for a narrow gap of 5.15 THz
—7.81 THz (58.2 - 38.4 pm) based on the combination of two types of the phase-matched DFG.
Such a narrow gap between the two output ranges is once again due to the lattice absorption band
for GaSe, which has the narrowest width among all the nonlinear-optical materials as a result of
the layered structure for GaSe.
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Fig. 3. Output peak power vs. output wavelength for two types of phase-matched DFG.

The generated output beams in the two PM configurations had pulse duration of 5 ns and a
repetition rate of 10 Hz. Their pulse energies were measured by a pyroelectric detector and
calibrated bolometer (see Fig. 3). The maximum output peak powers for the two PM
configurations are measured to be 2364 W at 5.87 pm (51 THz) and 209 W at 196 um (1.53
THz) corresponding to the power conversion efficiencies of 0.75% and 0.055%, respectively.
These output powers and conversion efficiencies are also improved significantly compared with
the previous results [14,18]. When the THz wave is tightly focused, the corresponding intensity
reaches the level of MW/cm? at 196 pm, which can be used to explore a number of new
fundamental, nonlinear coherent effects in the THz domain. According to Fig. 2a, the PM angles
are small for type-oe-e interaction, which is important since the effective NLO coefficient is
correspondingly high while the conversion efficiency is also high. Moreover, in the range of 70-
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a number of potential applications such as DNA and cancer detections, nondestructive
evaluations, identification of explosives, and perhaps probing stellar dust clouds for space
science [1,2,3,19]. Since a tunable monochromatic THz wave is used for these investigations,
transmission spectra can directly be obtained. Indeed, we have directly measured transmission
spectra of water, polystyrene foam, herring and salmon DNA, and salmon protein with our
preliminary results shown in Fig. 4. For water there is a broad absorption peak in the range of
1.09-1.5 THz (200-275 um), see Fig. 4a. This is due to bending of intermolecular hydrogen
bonds [20]. On the other hand, for polystyrene foam there is a relatively sharp peak near 4.07
THz (73.7 pm) (Fig. 4b). We believe this is due to vibrational band of the one-dimensional
polymer chains. Moreover, polystyrene foam has extremely low absorption coefficients and
refractive indices of about unity in the THz range. Besides the polystyrene foam, we have also
measured herring and salmon DNA’s (Figs. 4c and 4d). In our experiments, non-oriented films
of DNA'’s or proteins were used, which were obtained by dissolving DNA or protein powders in
distilled water to form gels and then drying the gels in air. According to Figs. 4c and 4d, there
are a nupgber of distinct modes in addition to the common phonon modes (i.e., at 1.632, 2.728
and 2.832 THz). These resonance frequencies are consistent with the predictions [21] and the
measurements made via FTIR [22]. On the other hand, the spectrum for the salmon protein is
quite different from those of the DNA’s (Fig. 4e). Although more detailed studies must be
carried out, our results indicate that the direct measurements of the transmission spectra may
eventually become a valuable tool for identifying DNA’s and proteins based on their unique
resonance peaks in the range of 1-3 THz.

In summary, our result presented here has set a world record for a widely-tunable,
monochromatic (narrow-linewidth), and tabletop THz source. Indeed, an efficient and coherent
THz wave tunable in the two extremely-wide ranges of 2.7-38.4 um and 58.2-3540 pm, with
typical linewidths of 6000 MHz, has been achieved by us. These tuning ranges are much wider
than those achieved so far based on all the schemes besides the free-electron lasers. Furthermore,
the wide spectral bands achieved by us can be easily accessible by rotating the GaSe crystal to
change the PM angle and/or to select the configuration. Besides the extremely-wide tuning
ranges, the linewidths can also be quite narrow. The maximum peak output power has reached
209 W at 196 pm with a pulse width of about 5 ns. GaSe is the best nonlinear optical material
ever used for the THz generation in terms of the absorption coefficient in the THz domain and
nonlinear coefficient. The transmission spectra of DNA’s directly measured by us can eventually
become valuable for characterizing and perhaps identifying biological macromolecules.

A widely-tunable THz source with narrow linewidths is critical for realizing the
applications of absorption spectroscopy on gaseous molecules, chemical identification, and
biomedical diagnostics, all of which are important to the U.S. Air Force. Furthermore, since the
peak power is quite high one can envision a single-shot THz camera for imaging. Such a source
can also be used for the investigation of nonlinear coherent THz effects.

These results were published in Appl. Phys. Lett. (2004).
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6. Coherent THz waves based on
difference-frequency generation in zinc germanium phosphide
In this section, we report our new result on the improvements of the tuning ranges and peak

powers by using ZnGeP», based on phase-matched difference-frequency generation (DFG). Such
a significant progress is made possible by using a new and longer ZnGeP; crystal. Furthermore,
the absorption coefficients of this new crystal at the two pump wavelengths are further reduced
as a result of the annealing process, as confirmed by our measurements.
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Fig. 1. Absorption spectra for three types of ZnGeP, crystals.

ZnGeP; is a positive uniaxial crystal with a point group of 42m. It possesses a large

second-order nonlinear coefficient (dss = 74 pm/V) and figure of merit (d e;/nj) [1]. Although it
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has a transparency range from 0.74 to 12 um, a ZnGeP; crystal always has anomalously-large
absorption coefficients in the near-infrared domain (1-2 pm) that are highly process-dependent,
see Fig. 1 [1,2]. Recently it has been demonstrated that by annealing ZnGeP, the absorption
coefficients can be dramatically reduced in this domain. As we mentioned above. we have
chosen a ZnGeP; crystal for THz generation since its absorption coefficients in the THz domain
are next to the lowest among many commonly-used nonlinear-optical crystals [3]. Accordmg to
Fig. 2, the absorption coefficient for ZnGeP, at 200 um is about 0.37 cm™. In comparison, for
GaSe the absorption coefficient is about 0.14 cm’ I at the same wavelength. However, it is about
3 cm’! for LiNbO;. Perhaps, the simplest design based on ZnGeP; corresponds to 0°-cut. In our
experiment, we used the ZnGeP, crystal which is 20.6 mm long along ¢ axis, a cross-sectional
area of 15 mm x 14 mm, and no antireﬂection coatings. The absorption coefficient of this
ZnGeP; crystal is measured to be about 0.75 cm™ at 1.064 um (i.e. annealed #2 in Fig. 1). This is
much lower than those used in our previous work [4] and a commonly -available crystal [3].
Indeed, the absorption coefficient is measured to be 5.63 cm’ I for the ZnGeP; crystal without
performing any annealing process (i.e. non-annealed in Fig. 1). In our previous work on the
annealed crystal (annealed #1 in Fig. 1) the absorption coefficient is measured to be about 1.52
cm’ at 1.064 pm.
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Fig. 2. Absorption coefficients vs. wavelength for some of commonly-available nonlinear crystals.

It can be readily shown that using the 1.064 um as one of the pump wavelengths only the
configurations of oe-e and oe-o can be phase-matched in a ZnGeP; crystal where the first and
second letters designate the polarizations for the 1.064-pm and second (idler) pump beams while
the third letter corresponds to the polarization for the THz beam, respectively. The corresponding
phase-matching conditions can be written to be

n,() n,(4,0) _n,(4,6) 0
A A A

n,(1) 7.(2%,0) _n,(%) 2)
13 22 A‘l

where 43 = 1.064 pum, 1, is the wavelength of the idler beam, 4; is the THz wavelength, ¢ is
phase-matching angle, and n.(4, 6) can be expressed as




An, (A

R R — ®
[n)(A)sin® 8 +n,(A)cos” 8]

In Egs. (1-3), no(4) and n.(4) are the principal indices of refraction for the ordinary and

extraordinary waves at the respective wavelengths, determined by the Sellmeier equations
written as follows [5]:

5.26576 1 . 1.4908542
A2 —0.13381 A* —662.55
5.34215 4% N 1.457954

A* —-0.14255  A* -662.55

One of the most important parameters for the efficient THz parametric conversion is the
effective nonlinear coefficient. For the two configurations described above, the effective
nonlinear coefficients depend on the phase-matching and azimuth angles (6,¢) according to Ref.
[1] as follows:

n2(A) = 4.47330 +
“4)
n2(A) =4.63318+

de(;f'e) =d,, sin20cos2¢; d;;‘"") =d,, sinOsin2gp, Q)
where djss is about 75 pm/V (Ref. [2]). Obviously dg’;“”) reaches an optimized value at ¢ = 0°.
On the other hand, déﬁ"e‘”) reaches a maximum value at @ = 45°. As a result, by properly

choosing different values of ¢ through crystal rotation we can select one of the two
configurations. Such dependences of the effective nonlinear coefficient are indeed confirmed in
our experiment. Moreover, the larger the angle 6, the larger the effective nonlinear coefficients.

It is obvious that for the same angle 6, d(;" is lower than d(;*"*/ . This is also confirmed in our

experiment.
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Fig. 3. (a) Collinear phase-matched DFG for oe-e configuration: THz output wavelength vs. external phase-
matching angle. Open circles — data; solid lines — theory. (b) Collinear phase-matched DFG for oe-o configuration:
THz output wavelength vs. external phase-matching angle. Open circles — data; solid lines — theory.

Our experimental setup is briefly described as follows. The idler beam, used as one of the
pump beams for the DFG experiment, is generated by a master oscillator and then amplified by
power oscillators. Both the master and power oscillators are pumped by the frequency-tripled
beam from a pulsed Nd:YAG laser. This beam can be tuned in the range of 0.73—1.8 pm with a
pulse duration of 5 ns and a repetition rate of 10 Hz. The residual Nd:YAG beam at the
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wavelength of 1.064 pm with a pulse duration of 10 ns is used as the second pump beam. Two
convex lenses are used to focus these two pump beams into the ZnGeP; crystal through a
beamsplitter. An optical delay is used for the residual Nd:YAG beam to ensure that the two
pump beams simultaneously arrive at the crystal. The beam spot size at the crystal (1/¢” radius) is
measured to be ~300 um. The ZnGeP;, crystal is mounted on a rotational stage. The generated
THz waves are collected by two off-axis parabolic mirrors used as two lenses. They are
separated from the pump beams by Ge and black polyethylene plates as filters and then focused
onto a Si bolometer. The electrical signal outputted from the bolometer is in turn amplified and
averaged in a boxcar integrator. The absolute value of the pulse energy corresponding to the
generated THz wave radiation is calibrated by a pyroelectric detector.

We have first measured the angle-tuning characteristics for the oe-¢ DFG, see Fig. 3(a).
The open circles correspond to the experimental results when the phase-matching condition is
satisfied while solid curves correspond to the calculations by using the Sellmeier equations, Eq.
(4) from Ref. [5]. It is important for us to point out that we have compared among three different
Sellmeier equations from Refs. [5-7]. (For Ref. [7] only the dispersion for the ordinary wave is
available.) It turns out that the theoretical results based on Eq. (4) produce the best fit to our
experimental results. For each data point in Fig. 3(a) a phase-matching peak is achieved by
optimizing the THz pulse energy through varying 6 and one of the pump wavelengths. As a
result, tunable and coherent output wavelengths in the range of 83.1-1642 pum (3.61-0.18 THz)
[Fig. 3(a)] have been achieved. On the other hand, Fig. 3(b) illustrates the angle tuning for the
oe-o configuration. In this case, tunable and coherent THz radiation in the range of 80.2-1416
um (3.74-0.21 THz) has been achieved. These tuning ranges are much wider than that in Ref.
[4]. On the long-wavelength side, the oe-e configuration produces the longer cut-off wavelength

due to the different dependences of effective nonlinear coefficients on 6. Indeed, since is de(;e‘e)

proportional to sin2@ it is larger than def{;""’) for the same value of 6, see Eq. (5). On the other

hand, on the short-wavelength side, the cut-off wavelength for the oe-o configuration is shorter.
This is primarily due to the fact that the absorption for the ordinary wave in the oe-o
configuration is lower than that for the oe-e configuration near 80 pm, see Ref. [3]. The
theoretical and experimental phase-matching curves significantly deviate from each other over
the entire two ranges of the output wavelengths. These discrepancies are due to the fact that the
theoretical curves are obtained by using the Sellmeier equations for the un-annealed ZnGeP,
crystal.'”” These equations provide the best fit to our data. Based on the measured absorption
coefficients of the un-annealed and annealed ZnGeP; crystals mentioned above, however, we
conclude that although the absolute values for the refractive indices for these two types of the
crystal are close to each other near 1.064 pm the dispersions around this wavelength can be quite
different from each other. Since the phase-matching angles primarily depend on the index
dispersions, especially for the THz generation, the angles are significantly changed for the
annealed crystal. On the other hand, since the wavelength for the THz wave is so long the
dispersion in this domain has negligible effect on the phase-matching angles. Therefore, the
Sellmeier equations obtained previously are not accurate enough for the annealed ZnGeP,. Based
on Figs. 3(a) and 3(b) it is obvious that an annealed ZnGeP; crystal is more advantageous than
the conventional one since the measured phase-matching angles are much smaller.

For the Nd:YAG pump intensity of 17 MW/cm® and OPO pump energy of 2.5 mJ, the
output peak powers at different output wavelengths are also measured for the oe-e and oe-o
configurations, see Fig. 4. For the pump intensity of under 20 MW/cm?, there is no apparent
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surface damage for the annealed ZGP crystal. The measured THz radiation has the pulse duration
of 5 ns and a repetition rate of 10 Hz. The highest output peak power for the THz can reach
133.8 W at 237 pm (1.27 THz) for the oe-e and 90 W at 196 um (1.53 THz) for the oe-o
configuration. These peak powers are much higher than what we obtained recently [4]. The peak

power for the oe-e configuration is much higher than that for the oe-o configuration since d,_{;‘”

is larger than de(;"’“’) , see Eq. (3). Therefore, it is obvious that the oe-e configuration has an

advantage over the oe-o configur